Plants regulate their development and response to the changing environment by sensing and interpreting environmental signals. Intracellular trafficking pathways including endocytic-, vacuolar-, and autophagic trafficking are important for the various aspects of responses in plants. Studies in the last decade have shown that the autophagic transport pathway uses common key components of endomembrane trafficking as well as specific regulators. A number of factors previously described for their function in endosomal trafficking have been discovered to be involved in the regulation of autophagy in plants. These include conserved endocytic machineries, such as the endosomal sorting complex required for transport (ESCRT), subunits of the HOPS and exocyst complexes, SNAREs, and RAB GTPases as well as plant-specific proteins. Defects in these factors have been shown to cause impairment of autophagosome formation, transport, fusion, and degradation, suggesting crosstalk between autophagy and other intracellular trafficking processes. In this review, we focus mainly on possible functions of endosomal trafficking components in autophagy.
Introduction
Due to their limited capacities for locomotion, plants cannot move to the same extent as animals to deal with environmental changes or stress factors. Instead they evolved the ability to adapt flexibly to, and take advantage of, changes in climate and environment. These environmental responses are controlled by multiple signalling pathways that upon stimulation lead to, among other effects, changes in protein abundance of various key factors. This occurs via mechanisms that involve changes in transcription and translation, in posttranslational modifications, as well as in protein degradation rates. Intracellular proteins can be selectively degraded by the ubiquitin-proteasome system (UPS), endosomal sorting, and autophagy. Membrane-bound proteins such as activated cell-surface receptors can be removed through endocytic degradation, which leads to signal attenuation in many signal transduction pathways. Cytosolic and nuclear proteins are usually degraded by the UPS, whereas certain proteins are targeted for autophagic degradation.
In contrast to UPS and endocytic degradation, autophagy appears to be dispensable for the plant life cycle under optimal growth conditions. Whereas a lack of autophagy in mammals can be the cause of neurodegenerative diseases and carcinogenesis (Rusten and Simonsen, 2008) , Arabidopsis autophagy-deficient mutants lack a major developmental phenotype. However, autophagy becomes important for the survival of plants under unfavourable growth conditions. Autophagy-deficient mutants of Arabidopsis show premature leaf senescence and chlorosis upon nutrient starvation, and usually do not survive unless the growth conditions improve (Doelling et al., 2002; Hanaoka et al., 2002) . Autophagy is also crucial for plant tolerance to environmental stresses, such as heat and salt stress, by contributing to the removal of oxidized proteins, protein aggregates, and damaged organelles (Bassham, 2009) . Moreover, autophagy has been shown to be important for nutrient remobilization during leaf senescence (Wada et al., 2009; Guiboileau et al., 2012; Ono et al., 2013; Li et al., 2015) , for degradation of transitory and reserve starch (Toyooka et al., 2001) , for xylem formation (Kwon et al., 2010) , and for yield in maize . In plant reproduction, the components of the autophagic machinery have been shown to be indispensable for proper male gametogenesis in rice (Kurusu et al., 2014) , for pollen germination (Harrison-Lowe and Olsen, 2008) , and for embryogenesis (Minina et al., 2013) .
Autophagy can be selective or non-selective. In non-selective or bulk/macroautophagy, an apparently random part of the cytosol is enclosed within a forming autophagosome and delivered to the lysosome/vacuole for degradation. In selective autophagy, proteins, aggregates, organelles, or pathogens are first modified with the small modifier protein ubiquitin. This modification, called ubiquitylation, is recognized by specific ubiquitin-binding autophagy receptors. Of the two receptors identified and characterized in humans, NEIGHBOR OF BRCA1 GENE 1 (NBR1) and p62 (Kraft et al., 2010) , Arabidopsis has only a homolog of NBR1 and this has been implicated in the clearance of peroxisomes or pexophagy in response to abiotic stresses (Svenning et al., 2011; Deosaran et al., 2013; Kim et al., 2013; Zhou et al., 2013) . To date, selective autophagy has been demonstrated to be involved in the clearance of plastids (Spitzer et al., 2015; Xie et al., 2015) and peroxisomes (Deosaran et al., 2013; Kim et al., 2013) , removal of mitochondria (mitophagy) , removal of endoplasmic reticulum (ER) membranes during ER stress (ER-phagy) (Liu et al., 2012) , degradation of mature ribosomes upon starvation conditions (ribophagy) (Kraft et al., 2008) , and in defence against pathogenic bacteria (xenophagy) (Thurston et al., 2009) . In addition, inactive 26S proteasomes are removed in a mechanism called proteaphagy, which shows a functional link between the two degradation pathways (Bartel, 2015; Marshall et al., 2015) .
Proteins involved in autophagy were first identified thorough genetic screens of yeast autophagy-defective (atg) mutants that described almost all components of the autophagic pathway (Tsukada and Ohsumi, 1993; Thumm et al., 1994; Harding et al., 1995) . Through intensive studies in recent years, many new factors have been characterized that directly or indirectly regulate autophagy in addition to the originally identified ATG proteins. Studies in various organisms have pointed to strong links between autophagy and the endosomal trafficking pathway (Zhuang et al., 2015) . In this review, we focus on the possible functions of the endosomal sorting complex required for transport (ESCRT) and other key factors in intracellular trafficking in the regulation of autophagy, mainly based on studies in the model plant Arabidopsis (Arabidopsis thaliana).
The ESCRT pathway
ESCRTs are essential for the sorting of ubiquitylated membrane cargoes along the endocytic route and for the biogenesis of multivesicular bodies (MVBs) (Winter and Hauser, 2006; Paez Valencia et al., 2016; Isono and Kalinowska, 2017) . Though homologs of ESCRT components can be found throughout the eukaryotic kingdoms and their general functions and properties are conserved, the complexity of the ESCRT machinery seems to have increased during the course of evolution of multicellular organisms. While budding yeast (Saccharomyces cerevisiae), nematodes (Caenorhabditis elegans), and flies (Drosophila melanogaster) in general have only one homolog of each ESCRT component, higher plants and mammals usually contain several homologs of each subunit (Winter and Hauser, 2006; Vaccari et al., 2009) . The ESCRT-associated protein Vps37/ALG-2 INTERACTING PROTEIN X (ALIX) is an exception, as two homologs exist both in worms (ALX-1 and EGO-2) and flies (Alix and HD-PTP/Mop) (Roudier et al., 2005; Vaccari et al., 2009; Huynh et al., 2016) .
In some yeast species and in metazoans, there are four complexes of ESCRT, namely ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. Plants and other yeasts lack ESCRT-0 and have only three ESCRT complexes. ESCRT-0 consists of two subunits, Vacuolar protein sorting 27 (Vps27p) and has symptoms of class-E mutants 1 (called also HBP, STAM, EAST 1; Hse1p) in yeast and HEPATOCYTE GROWTH FACTOR-REGULATED TYROSINE KINASE SUBSTRATE (HRS) and SIGNAL-TRANSDUCING ADAPTOR MOLECULE (STAM) in humans. ESCRT-0, together with other ubiquitin adaptor proteins, is important for the recognition and capture of ubiquitylated membrane proteins. In organisms that lack ESCRT-0, other ubiquitin-binding proteins have probably taken over this function (Korbei et al., 2013; Nagel et al., 2017) .
Arabidopsis contains three ESCRT-I subunits, VPS23, VPS28, and VPS37, each of which has two homologs (Winter and Hauser, 2006; Paez Valencia et al., 2016) . ESCRT-I recruits ESCRT-II to endosomes and the presence of both complexes induces invagination of the limiting membrane towards the endosomal lumen, which later contributes to the sorting of the endocytic cargo into intraluminal vesicles (ILVs). ESCRT-II has three subunits, VPS22, VPS25, and VPS36, among which VPS36 binds ubiquitylated cargoes. ESCRT-III is essential for membrane scission during sorting of the endocytic cargo into ILVs. The core ESCRT-III consists of four small, highly charged proteins, VPS20, SUCROSE NON-FERMENTING 7 (SNF7), VPS24, and VPS2 (Winter and Hauser, 2006) . All subunits except for VPS2 have two homologs, whereas VPS2 has three. The disassembly of ESCRT-III is essential for the completion of the membrane scission and the formation of ILVs. This is mediated by the AAA ATPase SUPPRESSOR OF K + TRANSPORT GROWTH DEFECT 1 (SKD1). After the disassembly of ESCRT-III, the sorting of the endocytic cargo into ILVs is completed and the MVB can fuse with the vacuole . The core components of the plant ESCRT-III interact with various other proteins, such as VPS60, CHMP1/VPS46, INCREASED SODIUM TOLERANCE 1 (IST1), POSITIVE REGULATOR OF SKD1 (PROS), LYST-INTERACTING PROTEIN 5 (LIP5), and ALIX, several of which have been shown to be important for proper ESCRT function or ESCRT-dependent degradation of ubiquitylated membrane proteins (Spitzer et al., 2009; Reyes et al., 2014; Cardona-López et al., 2015; Kalinowska et al., 2015; Buono et al., 2016) .
Several de-ubiquitylating enzymes (DUBs) have been demonstrated to be important for endosomal trafficking, as they can affect the fate of endocytosed cargo, which will either be recycled back to the plasma membrane (PM) or degraded in the vacuole. The conserved metalloprotease ASSOCIATED MOLECULE WITH THE SH3-DOMAIN OF STAM 3 (AMSH3) was shown to associate with ESCRT-III and function in endocytic cargo degradation in Arabidopsis (Isono et al., 2010; Katsiarimpa et al., 2011) . ESCRT-components are essential for plant growth and development, and the lethality observed in many ESCRT mutants is usually accompanied by other phenotypes. One of the most common is ubiquitin accumulation and misregulation of various signalling pathways, which can be linked to defects in endosomal sorting (Michelet et al., 2010; Barberon et al., 2014; CardonaLópez et al., 2015; Zhuang et al., 2015) .
ESCRTs are essential for plant growth and development
Despite the conservation of the ESCRT machinery in eukaryotes, there seem to be significant differences regarding the consequences of impairment in ESCRT-function in different organisms. Whereas mutants of ESCRTs are viable in budding yeast (Raymond et al., 1992) , in many multicellular eukaryotes ESCRT and ESCRT-associated factors are essential for proper development (Michelet et al., 2010) . In Drosophila, a loss-of-function mutation in the ESCRT-0 subunit Hrs causes embryonic lethality (Lloyd et al., 2002) , while mutations in the ESCRT-I (Vps23 and Vps28), ESCRT-II (Vps25), and ESCRT-III (Vps4) subunits lead to lethality during the first larval stage (Moberg et al., 2005; Sevrioukov et al., 2005; Vaccari and Bilder, 2005; Rodahl et al., 2009) . In worms, mutations in the subunits of ESCRT-0 (Vps27), ESCRT-I (Vps23), ESCRT-II (Vps36), and ESCRT-III (Vps32 and Vps4) result in embryonic or larval lethality, whereas mutations in ESCRT accessory proteins produce milder phenotypes (Roudier et al., 2005) . In mice, knockout of ESCRT-0 (HRS and STAM), ESCRT-I (TSG101/VPS23), and ESCRT-III (CHARGED MULTIVESICULAR BODY PROTEIN 4B; CHMP4B) causes embryonic lethality (Komada and Soriano, 1999; Ruland et al., 2001; Yamada et al., 2002; Shim et al., 2006; Lee et al., 2007) , indicating the essential function of ESCRT in development of higher eukaryotes.
Mutations of ESCRT or ESCRT-associated proteins in plants lead to heterogeneous phenotypes. An Arabidopsis mutant of one of the ESCRT-I components, VPS23A/ELCH, is viable but displays mild cytokinesis defects (Spitzer et al., 2006) , whereas the double-mutant vps23-1vps23-2 shows embryonic lethality (Nagel et al., 2017) . Most of the ESCRT mutants described in Arabidopsis die at different developmental stages. For example, knockout of the plant-specific ESCRT-I-interacting proteins Fab1, YOTB, Vac1, and EEA1 1 (FYVE1)/FYVE-DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL SORTING 1 (FREE1) causes seedling lethality (Gao et al., 2014; Kolb et al., 2015) and mutations in the ESCRT-II component VPS36 lead to delayed embryogenesis and seedling lethality Wang et al., 2017) . Knockout mutants of the Arabidopsis ESCRT-III component VPS2.1 die during embryo development (Katsiarimpa et al., 2011) , whereas dominant-negative VPS2.1 (dnVPS2.1) plants are dwarfish with reduced fertility (Katsiarimpa et al., 2013) . Double-mutants of two functionally redundant ESCRT-III-associated proteins, chmp1achmp1b, exhibit embryonic or early seedling lethality (Spitzer et al., 2009 (Spitzer et al., , 2015 . In addition, tobacco cells expressing an inactive version of the AAA ATPase SKD1 show low growth rates and die within several weeks after transformation, suggesting a lethal effect of disrupting ESCRT-III disassembly (Haas et al., 2007) .
Knockout of the ESCRT-III-associated DUB AMSH3 and of the adaptor protein responsible for its recruitment or stabilization at the endosomes, ALIX, results in seedling lethality and defects in endomembrane trafficking (Isono et al., 2010; Kalinowska et al., 2015) . In contrast, a knockdown mutant of another AMSH homolog in Arabidopsis, AMSH1, is viable, probably due to functional redundancy with AMSH3 (Katsiarimpa et al., 2013) . The amsh1 mutant in Lotus japonicus is also viable, although it displays dwarfism and has defects in rhizobial infection and nodule organogenesis (Małolepszy et al., 2015) . Whether the differences in the severity of the phenotypes reflect functional redundancy with other proteins or implicate the slightly different physiological functions among the different ESCRT-proteins remains to be established by future studies.
The observed phenotypes of ESCRT mutants in eukaryotes are probably the result of misregulation of multiple cellular pathways, some of which do not directly depend on endocytic trafficking (Hurley, 2010; Hurley and Hanson, 2010; Henne et al., 2011) . It is speculated that the ancient function of ESCRTs probably involved the assistance in cell division. In Crenarchaea, one of the two main phyla of Archaea, homologs of ESCRT-III components and the AAA ATPase Vps4/SKD1 were identified and shown to localize to the site of membrane pinching during archaeal cell division (Samson et al., 2008) . In Sulfolobus, the minimal cell division machinery consists of three components, CdvA, CdvB, and CdvC. CdvA forms polymers in association with chromosomal DNA and recruits CdvB subunits that are homologs of ESCRT-III between segregating nucleoids. CdvC is a homolog of Vps4/SKD1 and shows ATPse activity in vitro (Moriscot et al., 2011) . Although all archaea that have a Vps4-like ATPase also have homologs of ESCRT-III-like subunits, they do not encode any apparent homologs of the ESCRT-0, ESCRT-I, or ESCRT-II subunits, suggesting they could be evolutionary younger than ESCRT-III (Winter and Hauser, 2006; Moriscot et al., 2011) .
The role of ESCRT components in diverse pathways could be explained by their recruitment to different membranes. The wide range of interaction partners, the ability to recruit various proteins and initialize assembly of other complexes, as well as their structural capacities such as autoinhibition (Lata et al., 2008a; Bajorek et al., 2009; Merrill and Hanson, 2010) could be key reasons for the involvement of ESCRTs in so many different cellular and biological contexts. Many processes, including MVB biogenesis, cytokinesis in animal cells, and enveloped virus budding are topologically similar, and involve bending and pinching-off of membranes. These processes require the assembly of ESCRTs at the neck of a budding structure to catalyse membrane fission, for which not only the lipid-and protein-binding capabilities of ESCRTs but also their ability to polymerise are crucial (Peel et al., 2011) . In budding yeast and mammals, the ESCRT-III component Snf7/CHMP4 was demonstrated to form polymers at the neck of a budding ILV (Hanson et al., 2008; Teis et al., 2008) and in Arabidopsis it localizes on plant-unique concatenated ILV networks (Buono et al., 2017) . In addition, Vps24/ CHMP3 subunits were shown to form either homopolymers in yeast (Ghazi-Tabatabai et al., 2008) or heteropolymers with Vps2/CHMP2 in humans (Lata et al., 2008b) . Although membrane budding and scission events during ILV formation, cytokinesis, and virus budding are topologically similar, they are not identical and involve other components beyond ESCRTs, such as different coat proteins (Hurley and Hanson, 2010) . The understanding of these processes has advanced significantly over recent years; however, the details of the coupling and regulation of ESCRT-mediated budding under different physiological conditions still need to be determined.
Many trafficking mutants are defective in autophagy in plants
In addition to specific proteins that mediate membrane trafficking of autophagosomes, autophagic processes seem to rely on the general machinery of the endomembrane transport pathway. Thus, the trafficking of autophagic cargoes is dependent on factors that are key for other intracellular trafficking pathways (Fig. 1) . Studies in recent years have shown that, among others, many transport machineries are important for the proper autophagic response and for the degradation of autophagic cargoes in plants (Table 1) .
Trafficking mutants in yeast, flies, and mammals have been reported to be accompanied by phenotypes such as autophagosome accumulation and increased levels of the autophagy-related ubiquitin-like protein ATG8/LIGHT CHAIN 3 (LC3) . Although core ESCRT components were not identified in the original atg mutant screen in yeast, a yeast mutant of the homolog of SKD1, vps4, was demonstrated to induce autophagy under non-starved conditions (Shirahama et al., 1997) . In addition, deletion of the ESCRT-III-associated BRO1, a yeast ortholog of ALIX, was described to be the cause for aberrant growth patterns in nutrient-deficient conditions (Nickas and Yaffe, 1996) .
Mutations within the core ESCRT machinery and ESCRTassociated proteins lead to autophagy defects in plants.
A dominant-negative mutant of VPS2.1 in Arabidopsis, which was generated by overexpressing a C-terminal GFPfusion of VPS2.1 under the control of a strong promoter, displays defects in autophagic recycling upon dark treatment (Katsiarimpa et al., 2013) . dnVPS2.1 plants also show early senescence, a common phenotype of bona fide atg mutants in Arabidopsis. Moreover, these plants accumulate the autophagy markers ATG8 and NBR1, but fewer autophagic bodies can be visualized within their vacuoles, suggesting a defect in the delivery of autophagosomes to the lytic vacuole. A mutant of the VPS2.1-interacting DUB, AMSH1, also shows similar phenotypes (Katsiarimpa et al., 2013) . In addition, amsh1 exhibits altered pathogen response and misexpression of PATHOGENESIS RELATED (PR) genes, Fig. 1 . Overview of factors involved in both autophagy and other trafficking pathways. Various endomembrane trafficking routes in plants such as vacuolar protein sorting, and endocytic and autophagic degradation lead to the vacuole. Newly synthesized vacuolar proteins from the endoplasmic reticulum (ER), autophagic cargoes, and plasma membrane-derived cargoes internalized by endocytosis seem to cross their paths on the way to their final destination. Plasma membrane cargoes are sorted through the trans-Golgi network (TGN)/early endosome (EE) to late endosomes/multivesicular bodies (MVBs)/prevacuolar compartments (PVCs). At the late endosomes, endocytic cargoes are sorted into the intraluminal vesicles of MVBs in a process that depends on the ESCRT (endosomal sorting complex required for transport) machinery. ESCRT-I and ESCRT-II concentrate the endocytic cargos and trigger invagination of the outer membrane of MVBs, whereas ESCRT-III is indispensable for membrane scission during the formation of intraluminal vesicles. A number of factors have been reported to be important for both endocytic and autophagic protein degradation. The ESCRT machinery and ESCRT-associated proteins, namely ESCRT-III and the ESCRT-IIIbinding ASSOCIATED MOLECULE WITH THE SH3 DOMAIN OF STAM (AMSH) enzymes, or ESCRT-associated plant-specific proteins SH3P2 and FYVE1/FREE1, localize on endosomes and are implicated in autophagy. Components of the retromer complex have been demonstrated to localize on late endosomes/MVBs/PVCs and to be involved in autophagy. Proteins with a known function in membrane fusions also play important regulatory roles in autophagy in plants. These include the SNARE protein VTI12 and its regulator VPS45, as well as the Rab GTPase RABG3B, which has been shown to localize to autophagosomes. a reported phenotype for atg mutants (Hofius et al., 2009; Lenz et al., 2011; Wang et al., 2011; Katsiarimpa et al., 2013) .
Knockout of another ESCRT-associated DUB, AMSH3, causes accumulation of ATG8 and autophagosomes (Isono et al., 2010) . Phenotypes similar to amsh3 were observed for mutations in the ESCRT-I-interacting FYVE1/FREE1 and the ESCRT-III-interacting protein ALIX (CardonaLópez et al., 2015; Gao et al., 2014; Kalinowska et al., 2015; Kolb et al., 2015) . fyve1 knockout mutants are seedling lethal and have been demonstrated to accumulate not only the general autophagy marker ATG8, but also the receptor for selective autophagy NBR1, suggesting that these mutants are defective in both selective and non-selective autophagy (Kolb et al., 2015) . alix null mutants display seedling lethality similar to amsh3 and fyve1. In addition, down-regulation of ALIX later in plant development leads to dwarfism and leaf chlorosis, which could suggest potential autophagy defects (Kalinowska et al., 2015) . Mutants of CHMP1, another ESCRT-III-associated protein, display autophagy induction. However, despite up-regulated autophagy, chmp1 shows defects in chloroplast protein uptake by autophagosomes. Autophagosome-like structures containing plastid proteins were shown to accumulate within the cytosol but at the same time fewer autophagic (Wartosch et al., 2015) Retromer complex (VPS26, VPS29, VPS35) VPS29, VPS35: Enhanced chlorosis upon detachment of the leaves in the dark (Munch et al., 2015) VPS26, VPS29, VPS35 (M. oryzae): Decreased pathogenesis of the rice blast fungus, impaired autophagic cell death, defects in biogenesis of autophagosomes (Zheng et al., 2015) VPS26, VPS35 (D. melanogaster): Accumulation of aberrant autolysosomes and amphisomes, formation of autophagosomes not affected (Maruzs et al., 2015) Exocyst EXO70B1: Hypersensitivity to nitrogen starvation, decreased efficiency of autophagosome transport to the vacuole (Kulich et al., 2013) EXO84, SEC5, RALB (mammals): Impaired starvation-induced autophagy (Bodemann et al., 2011) Ral GTPase (D. melanogaster): Impaired autophagic cell death but not starvation-induced autophagy (Tracy et al., 2016) SNAREs and regulators VTI12: Accelerated senescence upon starvation (Surpin et al., 2003) ; VPS45: enhanced chlorosis upon detachment of the leaves in the dark (Zouhar et al., 2009) SNX17 (mammals): Accumulation of autophagosomes (Itakura et al., 2012) ; ATG14 (mammals): accumulation of autophagosomes (Diao et al., 2015) bodies were observed in the vacuolar lumen, suggesting a blockage of the autophagosome delivery to the lytic compartment. In consequence, plastids in these mutants exhibit severe morphological defects and aberrant division (Spitzer et al., 2015) . The maize CHMP1 homolog, SAL1, determines the number of aleurone cell layers during endosperm development, influencing the quality and nutritional value of maize grains. Homozygous mutations of sal1 lead to dramatic reduction in plant size and root mass (Shen et al., 2003) ; however, whether this phenotype is also linked to defects in autophagy has not yet been established. In addition, vps45 and vti mutants in Arabidopsis showed decreased survival upon detachment of the leaves in the dark, indicating that they are also defective in autophagic responses (Surpin et al., 2003; Zouhar et al., 2009) . Similarly, mutants of retromer were demonstrated to be impaired in autophagy (Munch et al., 2015) . Retromer is a multiprotein complex that includes VPS26, VPS29, and VPS35, and is involved in retrograde trafficking of vacuolar sorting receptors (VSRs) and PM proteins (Oliviusson et al., 2006; Shimada et al., 2006; Kleine-Vehn et al., 2008; Yamazaki et al., 2008; Niemes et al., 2010) . vps29 and vps35 mutants are defective in autophagy in that they exhibit enhanced chlorosis upon leaf detachment and accumulate the autophagic marker protein NBR1. A mutant of the homotypic fusion and protein sorting (HOPS)-complex subunit VPS16 showed accumulation of autophagosomes (Rojo et al., 2001 ). In addition, exocyst, a complex involved among other things in tethering vesicles to the PM prior to exocytosis, has been implicated in autophagy. One of 23 paralogs of Arabidopsis EXO70 exocyst subunits, EXO70B1, together with SEC5A and EXO84b was shown to form an exocyst subcomplex involved in an autophagyrelated, Golgi-independent membrane trafficking pathway to the vacuole. EXO70B1 localizes on compartments containing the autophagy marker ATG8f and anthocyanins, and has been suggested to function in autophagosome targeting to the vacuole. exo70B1 mutants accumulate fewer autophagic bodies, hyper-accumulate salicylic acid (SA), and are hypersensitive to nitrogen but not carbon starvation (Kulich et al., 2013) . Taken together, accumulating evidence indicates that the autophagic processes are closely interconnected with, and dependent on, other intracellular trafficking pathways.
Possible links between ESCRT-dependent endosomal trafficking and autophagy
There are several possible explanations as to how the function of ESCRTs and ESCRT-associated proteins is required for proper autophagy. At the beginning of autophagosome formation, the local membranes at the outer face of the cortical ER form a cup-shape called the early phagophore or the isolation membrane. The phagophore membranes expand and fuse, enclosing material for degradation within, and causing the formation of double-membraned autophagosomes that will be delivered to the lysosome/vacuole (Le Bars et al., 2014a Bars et al., , 2014b . ESCRTs might play a direct role during the closure of the phagophore, although no proof for this theory has been determined yet.
Defects in the arrangement of the cytoskeleton in ESCRTdepleted cells could also be responsible for defects in intracellular trafficking. The ESCRT machinery has been shown to be involved in cytoskeleton regulation, for example the VPS23/TSG101/ELCH component of ESCRT-I was demonstrated to interact with microtubules in mammals (Xie et al., 1998) and Arabidopsis (Spitzer et al., 2006) . In Drosophila, inactivation of ESCRT-II results in disruption of actin fibres and consequent tissue disorganization and anarchic cell proliferation (Herz et al., 2009) . In addition, the ESCRT-I-and ESCRT-III-associated human ALIX has been reported to directly interact with the proteins of the cytoskeleton, including actin and tubulins, and the down-regulation of ALIX was shown to cause the formation of aberrant cortical actin structures (Schmidt et al., 2003; Cabezas et al., 2005) .
Inhibition of the ESCRT-and ESCRT-related proteins causes accumulation of ubiquitin conjugates (Isono et al., 2010; Katsiarimpa et al., 2013; Gao et al., 2014; Kalinowska et al., 2015; Kolb et al., 2015; Wang et al., 2017) , which might produce intracellular protein aggregates that are cytotoxic. In mammals, it was reported that impaired ESCRT function blocks the efficient clearance of aggregates by selective autophagy, which results in neurodegeneration (Rusten and Simonsen, 2008; Ghavami et al., 2014) . Autophagosome accumulation in ESCRT mutants was linked to the blockage of autophagic flux in Drosophila (Jacomin et al., 2015) , whereas nematode mutants showed increased autophagic flux (Djeddi et al., 2012) . In Arabidopsis, ESCRT-related mutants showed unaltered autophagic flux (Katsiarimpa et al., 2013) , suggesting that the feedback regulation of autophagic activity could differ depending on the organism.
Removal of organelles is also an important role of autophagy. In Arabidopsis, the ESCRT-associated CHMP1A/B were demonstrated to be essential for the autophagic clearance of plastids. Autophagosomes are formed in chmp1 mutants but they do not take up chloroplast proteins that accumulate for degradation, which results in defects in plastid division and morphology, and, further, in embryo or seedling lethal phenotypes (Spitzer et al., 2009 (Spitzer et al., , 2015 . In mammals, the ESCRT-associated DUB UBPY/USP8 has been shown to be important in the pathway for the quality control of mitochondria through deubiquitylation and recruitment of the E3 ligase PARK2/Parkin (Durcan and Fon, 2015) . How the endosomal transport proteins influence these processes is an interesting topic for future studies.
MVB function is crucial for efficient autophagy
Yeast vps mutants form aberrant multicisternal endosomes, so-called class E compartments (Raymond et al., 1992) . In animals, loss-of-function of ESCRT mostly results in the formation of enlarged MVBs with a decreased number of ILVs (Lloyd et al., 2002; Roudier et al., 2005; Razi and Futter, 2006) . In Arabidopsis, a dominant-negative mutant of the ESCRT-III disassembling factor SKD1 and a doublemutant of its regulators lip5ist1 contain fewer vesicles/MVBs. Dominant-negative SKD1 mutants have MVBs with a larger diameter, whereas the lip5ist1 mutant exhibits increased size of ILVs (Haas et al., 2007; Buono et al., 2016) . In contrast, the depletion of the ESCRT-associated Bro1 domain-containing protein ALIX leads to a reduced MVB-size with a tendency to form clusters (Kalinowska et al., 2015) , showing that the ESCRT machinery is essential for proper MVB biogenesis and function.
Could defects in MVB formation lead to impaired autophagy? Defective MVBs could cause a cellular stress that results in pro-autophagic signalling. In nematodes, up-regulation of autophagy was observed upon depletion of ESCRTs (Djeddi et al., 2012) . The increased autophagic flux seemed to have a protective role on cellular degradation and a constitutive induction of autophagy was shown to reduce formation of aberrant endosomes. These results suggest that altered autophagy in some organisms could in fact be an adaptive response for cell survival (Djeddi et al., 2012) . Alternatively, as the metazoan autophagosomes can fuse with late endosomes to form amphisomes, malformation of MVBs might directly affect this fusion process. Although in organisms such as plants the presence of amphisomes is not clearly established, proper autophagic degradation might depend on a functional MVB-dependent pathway that guarantees the delivery to the vacuole of factors involved in membrane fusions. These might include SNAP-RECEPTORS (SNAREs), RAS-RELATED PROTEINS IN BRAIN (RABs), or the subunits of the class C core vacuole/endosome tethering (CORVET) or HOPS complexes Vukašinović and Žárský, 2016) .
Factors regulating membrane fusion events
In animals, several small RAB GTPases that localize to autophagosomal membranes have been implicated in the regulation of autophagosome-lysosome fusion by recruiting specific effector proteins. In particular, Rab7 was demonstrated to have this function in yeast and metazoans (Gutierrez et al., 2004; Balderhaar et al., 2010; Hegedűs et al., 2016) . In Drosophila, Rab7 is recruited to phosphatidylinositol 3-phosphate (PI3P)-positive autophagosomes by the guanosine exchange complex Ccz1-Mon1 (Hegedűs et al., 2016) . In yeast, the activity of Rab7p was suggested to be regulated by a PI3K component UV-radiation resistance-associated gene (UVRAG) that interacts with the HOPS complex, stimulating autophagosome-lysosome membrane fusions (Liang et al., 2008) . Other RAB GTPases, such as the mammalian Rab33b (Itoh et al., 2011) and Rab2 in Drosophila (Fujita et al., 2017) have also been implicated in stimulation of autophagosome-lysosome membrane fusions.
In Arabidopsis, one of the RAB7 GTPase homologs, RABG3B, was shown to localize on autophagosomes and to be implicated in xylem formation through positive regulation of autophagy. During differentiation of tracheary elements, cells undergo secondary wall thickening and autophagic cell death, the latter serving for removal of cell contents for the formation of hollow conducting tubes (Kwon et al., 2010) . Plants expressing a constitutive-active RABG3B showed an increase in the number of xylem cells, whereas plants with down-regulated RABG3B levels or expressing an inactive version exhibited reduced xylem content. A similar effect was also demonstrated for a mutant of the classical ATG machinery, atg5-1 (Kwon et al., 2010) . Whether the Arabidopsis RAB7 homologs can regulate autophagosome-vacuole fusion events is still unclear.
Tethering complexes such as the HOPS complex facilitate docking and fusion between membrane compartments by bridging the opposite membranes and by stimulating the formation of SNARE complexes that physically drive the fusion of opposite lipid bilayers. The HOPS complex in Arabidopsis is essential for vacuole biogenesis and might therefore be important for autophagy along with other vacuolar trafficking pathways, since a mutation in one of the subunits, VPS16, is vacuoleless and causes embryonic lethality (Rojo et al., 2001) . Several SNARE proteins have also been implicated in autophagy. The mammalian SYNTAXIN 17 (SNX17) is recruited from the cytosol to closed autophagosomes where it stimulates their fusion with lysosomes by interacting with the SNARE proteins SNAP29 and VAMP8 (Itakura et al., 2012) . SNX17 also binds to ATG14 which, by promoting SNX17 interactions with SNAP29 and VAMP8, facilitates autophagosome-lysosome fusions (Diao et al., 2015) . Interestingly, both SNX17 and ATG14 are also implicated in the early steps of autophagosome formation. Upon nutrient starvation, SNX17 relocalizes on the ER to the ER-mitochondria contact sites, and through recruitment of ATG14 causes initiation of the formation of the isolation membrane (Hamasaki et al., 2013) .
The Arabidopsis genome does not encode any obvious homologs of SNX17 and ATG14, so it is expected that their functions in the initiation of autophagosome formation and in autophagosome fusions with the vacuole are fulfilled by other factors. For example, the SNARE protein VTI12 was suggested to play a role in autophagy, and vti12 mutants show accelerated senescence under nutrient-starvation conditions (Surpin et al., 2003) . It would be interesting to establish whether these proteins might really control autophagosomevacuole fusions in Arabidopsis. Whilst it is possible that the function of ESCRTs is to deliver the above-mentioned membrane fusion regulators to autophagosomes and lysosomes/ vacuoles in eukaryotes, it cannot be ruled out that ESCRTs might also directly function in mediating membrane fusion events.
Significance of the vacuole as a lytic compartment for autophagy
The outer membrane of autophagosomes needs to fuse with the tonoplast to enable the degradation of the autophagic cargoes by vacuolar enzymes. Therefore, proper vacuole formation could be a prerequisite for efficient autophagic turnover. The biogenesis and maintenance of plant vacuoles seem to depend on the endomembrane transport, as mutants of many factors involved in this pathway show altered vacuolar morphology. Mutants in intracellular trafficking might therefore show defects in autophagy due to their defects in the proper formation of the vacuole, which inhibit the efficient recognition and fusion of autophagosomes and/or degradation of the autophagic cargoes.
In Arabidopsis, defects in the ESCRT-I-interacting protein FYVE1/FREE1, the ESCRT-III disassembling factor SKD1, and the ESCRT-III-associated ALIX and AMSH3 severely affect the morphology of the central vacuole (Isono et al., 2010; Shahriari et al., 2010; Gao et al., 2014; Cardona-López et al., 2015; Kalinowska et al., 2015; Kolb et al., 2015) . The HOPS complex, the retromer (subunits VPS29 and VPS35), the vacuolar transport protein VPS45, and the adaptor protein complex 3 (AP-3) have also been implicated in vacuole biogenesis (Rojo et al., 2001; Shimada et al., 2006; Sanmartin et al., 2007; Yamazaki et al., 2008; Zouhar et al., 2009; Feraru et al., 2010) . SNARE double-mutants vamp727syp22 and enhanced vti12 have smaller vacuoles and display fusion defects, which are also seen for rabg3 quintuple-mutants (Sanmartin et al., 2007; Ebine et al., 2008 Ebine et al., , 2014 . The altered vacuolar morphology in trafficking mutants could be caused by defects in cytoskeleton organization, since depolymerisation of actin filaments upon auxin treatment was shown to induce changes in vacuole morphology similar to those observed in trafficking mutants (Scheuring et al., 2016) . The molecular details as to whether and how the defects in vacuole formation affect the lipid and/or protein composition of the tonoplast and its fusion with autophagosomes still remain to be elucidated.
Other endosomal factors that directly interact with autophagosomes
The Arabidopsis SH3 DOMAIN-CONTAINING PROTEIN 2 (SH3P2), a Bin/Amphiphysin/Rvs (BAR)-domain-containing protein, has been shown to localize in the proximity of the forming phagophores and is suggested to have a potential function in autophagosome formation . SH3P2 was demonstrated to interact with ATG8, PI3P, and with the phosphatidylinositol 3-phosphate kinase (PI3K) complex. Dexamethasone (DEX)-induced down-regulation of SH3P2 in seedlings resulted in growth arrest and senescence under nitrogen starvation, and in a significant decrease in the formation of autophagosomes. It is speculated that SH3P2 could contribute to phagophore closure by mediating membrane deformations in cooperation with the PI3K complex . In metazoans, this function is fulfilled by BAR-and SH3-domain-containing Bif-1/Endophilin B1 and ATG14L (Takahashi et al., 2007; Matsunaga et al., 2010) , which are part of the PI3K complex but lack obvious homologs in plants. SH3P2 could be a multifunctional protein since it also interacts with the ESCRT-I components VPS23 (Nagel et al., 2017) and FYVE1/FREE1 (Gao et al., 2014; Kolb et al., 2015) and it has been shown to be involved in cell plate formation (Ahn et al., 2017) . The example of SH3P2 shows how proteins with known associations with the ESCRT-dependent trafficking pathway might play a direct role in the maturation of autophagosomes.
In animals, the ESCRT-interacting protein ALIX has also been directly implicated in autophagy. Knock-down of ALIX in mammalian cell cultures resulted in reduced basal autophagic flux while starvation-induced autophagy remained unaffected (Petiot et al., 2008) . A recent study in mammalian cells has shown that human ALIX interacts with ATG12-ATG3 (Murrow et al., 2015) . ATG12 is an E2-like enzyme that is important for autophagy as it belongs to one of two ubiquitin-like conjugation systems. Although ATG5 is the canonical substrate of ATG12, ATG3 was demonstrated to be an additional target of ATG12. ATG12-ATG3 interact with ALIX and, similar to ALIX, are required for efficient basal autophagy. Analyses have shown that ATG12-ATG3 are important for ALIX function (Murrow et al., 2015) , constituting another example of crosstalk between the endosomal and autophagic pathways.
Conclusions
Although phenotypes of trafficking mutants in plants are highly pleiotropic, many of them show endomembrane trafficking defects that influence the autophagic flux, transport, and degradation of cargoes. Despite intensive studies, the exact molecular function of endosomal trafficking machineries such as ESCRTs in autophagy is still unclear. The different factors involved in regulation of endosomal transport seem to affect autophagy through various mechanisms and at different developmental levels. Due to the essential nature of endomembrane trafficking pathways and the importance of properly functioning autophagy in plants, it is of the highest importance to continue investigating these mechanisms in plants.
